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INTRODUCTION
In plants, the cell wall is composed of a dynamic network of polysaccharides, proteins, and lignin. This network plays a myriad of roles in plant development, growth, and responses to biotic and abiotic environmental stimuli (Carpita, 2015) . Polysaccharides are the main components of the plant cell wall and are divided into three main classes: cellulose, hemicelluloses, and pectins. Cellulose microfibrils are bundles of linear b-(1,4)-linked glucans and provide load-bearing networks that are cross-linked via non-covalent bonds by hemicelluloses and pectins (Carpita, 2015) .
Hemicelluloses contain backbones of b-(1,4)-linked neutral sugars including glucose (Glc), xylose (Xyl) or mannose (Man), which can be further decorated with mono-or oligo-saccharide side chains. In the primary cell wall of dicots and conifers, the major hemicellulose is xyloglucan (XyG), although glucuronoarabinoxylans and mannans are also found albeit to a lesser extent (Scheller and Ulvskov, 2010) . In contrast to hemicelluloses and cellulose, pectins contain backbones rich in galacturonic acid (GalA) . Pectins are classified into four major types: homogalacturonan (HG), xylogalacturonan, rhamnogalacturonan (RG)-I and RG-II. HG is a homomeric polymer consisting of a-(1,4)linked D-GalA with methyl-and acetyl-substitutions on C6 and O2/O3, respectively. The backbone of RG-I consists of the repeating disaccharide, 4)-a-D-GalA-a-(1,2)-L-Rha-(1 (wherein Rha indicates rhamnose), which is substituted with galactan, arabinan, and/or arabinogalactan side chains on the Rha residues (Mohnen, 2008; Atmodjo et al., 2013) . Pectins are highly abundant in the primary cell wall surrounding cells in growing tissues and play critical roles in cell-to-cell adhesion, cell expansion, organ development and response to microbial pathogens (Ridley et al., 2001) .
One of the notable structural features of pectins and hemicelluloses is the presence of O-acetyl esterification. Concerning pectins, many GalA residues in the backbones of HG and RG-I are O-acetylated at the positions O2 and/or O3 (Lerouge et al., 1993; Ishii, 1997; Perrone et al., 2002) . RG-II can be acetylated in the B side chain (Whitcombe et al., 1995; Pabst et al., 2013) . The degree of acetylation (DA) of the pectic polymers ranges from 40 to 85% depending on tissues (Liners et al., 1994; Ishii, 1997; Perrone et al., 2002) . Concerning hemicelluloses, xylans are acetylated in the Xyl backbone with a DA of up to 50% (Ishii, 1991; Gonc ßalves et al., 2008; Xiong et al., 2013; Busse-Wicher et al., 2014) . A similar DA was also reported for mannan (Manna and McAnalley, 1993; Lundqvist et al., 2002; Nunes et al., 2005; Xiong et al., 2013) . In XyG, the Gal residues on the side chains can be acetylated (Gille et al., 2011) , while O-acetylation of the backbone Glc residues has also been reported (Sims et al., 1996; York et al., 1996) . In vitro, Oacetylation affects the gelling capability of pectin (Vriesmann and Petkowwicz, 2013) . In vivo, O-acetylation of pectin has been reported to affect the stiffness of tissues in potato tubers and Arabidopsis, pathogen resistance in Arabidopsis and Brachypodium distachyon, and the assembly of the cell wall and the cuticle layer in Arabidopsis (Gou et al., 2012; Orfila et al., 2012; Pogorelko et al., 2013; Nafisi et al., 2015) .
O-Acetylation of pectins and hemicelluloses requires acetyl-CoA in the cytosol as the acetyl-donor (Pauly and Scheller, 2000) , and the acetyl moiety is thought to be transported across the membrane in the Golgi apparatus and subsequently transferred to substrate polysaccharides by acetyltransferases. Genetic evidence suggests that a family of proteins, reduced wall acetylations (RWAs), function as acetyl-transporters (Lee et al., 2011; Manabe et al., 2011 Manabe et al., , 2013 ). There are four RWA genes in the Arabidopsis genome, and knock-out mutants in RWA2 resulted in partial losses of O-acetylation in both pectins and hemicelluloses by approximately 20% of the wild-type level; furthermore combinatorial knock-out mutants among the four genes dramatically reduced the level of cell wall acetylation (Lee et al., 2011; Manabe et al., 2011 Manabe et al., , 2013 . The rwa2 knock-out mutants exhibited pleiotropic phenotypes in leaves, including collapsed trichomes, increased surface permeability, and enhanced resistance to the necrotrophic fungal pathogen Botrytis cinerea (Manabe et al., 2011; Nafisi et al., 2015) . Regarding the transfer of the acetyl group onto polysaccharides, this step is thought to be catalyzed by proteins belonging to the trichome birefringence like family (TBL), and this notion has been augmented by the finding that heterologously expressed TBL29/ESKIMO1 transferred acetyl groups from acetyl-CoA to xylan oligosaccharides (Gille et al., 2011; Lee et al., 2011; Yuan et al., 2013; Urbanowicz et al., 2014) . An additional protein plays a role in O-acetylation of XyG, as recent evidence suggested that altered xyloglucan 9 (AXY9) is involved in mediating the transfer of the acetyl group from RWAs to TBLs, while this protein is not required for pectin O-acetylation (Schultink et al., 2015) .
There are 46 TBLs encoded in the Arabidopsis genome (Bischoff et al., 2010) . For the ease of description, Figure S1 presents a phylogenetic tree of the TBLs showing distinct clusters and they are labeled as Cluster I through V. trichome bifringence (TBR), the first reported member in TBLs, is found in Cluster I. The tbr mutant was found to have a lower level of pectin esterification and also a reduced amount of crystalline cellulose as compared to the wild type (Potikha and Delmer, 1995; Bischoff et al., 2010) . Recently, it was shown that the tbr mutant has an increased level of methylesterification and a reduced level of O-acetylation in pectins, although it is yet unclear which type(s) of pectin was affected (Sinclair et al., 2017) . TBL44/ powdery mildew resistant 5 (PMR5) is found in Cluster II and the tbl44 mutant also exhibited a lower level of pectin esterification as compared to wild-type cell walls (Vogel et al., 2004) . Again, it is not yet clear whether the decrease is due to methyl-or acetyl-esterification. No TBL protein belonging to Cluster III or its corresponding mutants has been described so far. Cluster IV contains TBL3, TBL29, TBL31, TBL32, TBL33, TBL34 and TBL35, which have been shown to be involved in acetylation of xylan, and mannan in some cases (Lee et al., 2011; Yuan et al., 2013 Yuan et al., , 2016a Urbanowicz et al., 2014) . Notably, a homolog of Arabidopsis TBL34 in rice (OsTBL1), was shown to transfer the acetyl group from acetyl-CoA to xylooligosaccharides (Gao et al., 2017) . TBL27/AXY4 and TBL22/AXY4L are found in Cluster V, and both tbl27 and tbl22 contain reduced levels of xyloglucan O-acetylation (Gille et al., 2011) . Additionally, TBL25 and TBL26 were implicated in acetylation of mannan (Gille et al., 2011) . Hence, it is likely that TBLs belonging to Cluster IV and V are involved in O-acetylation of hemicelluloses while TBLs belonging to one or more of the remaining clusters function in O-acetylation of pectins.
In this study, we investigated TBL10 (AT3G06080), belonging to Cluster I and exhibiting a 29% amino acid sequence identity to TBR. Our results show that TBL10 is involved in O-acetylation of RG-I, tbl10 mutants display the wild-type level of susceptibility to P. syringae and B. cinerea, while they are more resistant to drought stress.
RESULTS

Isolation of T-DNA insertion mutants in TBL10
TBL10 is annotated to contain 4 exons and encodes a protein consisting of 444 amino acid residues (http://www.a rabidopsis.org/). The deduced amino acid sequence of TBL10 contained a single membrane-spanning region in the N-terminus (http://aramemnon.botanik.uni-koeln.de; Schwacke et al., 2003) , which is likely to serve as a signal sequence and membrane anchor based on analysis by Sig-nalP4.0 (http://www.cbs.dtu.dk/services/SignalP/; Petersen et al., 2011) . Several notable conserved domains and motifs among TBLs (Bischoff et al., 2010) were found within TBL10, including the PMR5 N-terminal domain (Pfam13839) between the amino acid positions 102 and 154, GDSL/SGH-like acylesterase family domain (Pfam14416) between the amino acid positions 144 and 444, which also includes the conserved DUF231 domain (the amino acid positions 278 and 444), and the Gly-Asp-Ser motif (the amino acid positions 176-178) and the Asp-X-X-His (the amino acid positions 424-427, wherein X indicates any amino acid residues).
Two T-DNA insertion lines of Arabidopsis ecotype Columbia-0 with T-DNA insertion in the 1st and the 3rd exons of TBL10 were isolated and were designated as tbl10-1 (SALK_005890C) and tbl10-2 (SALK_011296), respectively ( Figure 1a ). The presence of the T-DNA inserts in TBL10 was confirmed by PCR ( Figure 1b ). Both lines were shown to possess the T-DNA insert in TBL10 while the wild-type allele was non-detectable. In addition, RT-PCR analysis showed that the TBL10 transcript was detectable both in the leaves and stems in the wild type, while it was not detectable in the mutants (Figure 1c ). These results confirmed that tbl10-1 and tbl10-2 are homozygous knock-out mutants. The tbl10 mutant plants grew similarly to the wild type without notable changes in morphologies under the conditions tested. Representative images of rosettes and mature plants are shown in Figure 1 
TBL10 is expressed in leaves and roots
To further investigate the tissue-wide expression pattern of TBL10, the 1800-bp sequence immediately upstream of the TBL10 start codon was fused with the b-glucuronidase (GUS) gene and wild-type plants were transformed with the fusion construct. Analysis of five independent transformants in the T2 generation showed that the GUS activity was the strongest in leaves and roots, while significantly less activity was observed in stems ( Figure 2a ). The promoter was active in rosette leaves, cauline leaves, roots, flowers, and seedlings, with notable activity in the vascular system (Figure 2a ,b,e,g,h). The activity was also observed in stomata in rosette leaves (Figure 2c ), but not in trichomes ( Figure 2d ). In flowers, the GUS activity was mainly observed in matured flowers (developmental stage of 16 according Alvarez-Buylla et al., 2010) , particularly in the vasculature and pollen (Figure 2e ,f). Following a saturating staining, stems also showed the GUS activity, although the intensity was markedly weaker as compared to the leaves ( Figure S2a ). In silico gene expression analysis of publicly available Arabidopsis microarray datasets using Arabidopsis eFP Browser (Winter et al., 2007) confirmed high transcript levels of TBL10 in leaves (cauline leaves, adult and juvenile leaves, cotyledons) ( Figure S2b ).
The tbl10 mutants have reduced amount of O-acetylation in pectins
The content of wall-bound acetyl esters was determined in leaves and stems of the wild type, tbl10-1 and tbl10-2. Total cell walls were extracted by alcohol precipitation and alcohol insoluble residues (AIR) were treated with a-amylase to remove starch. De-starched AIR was subjected to a treatment with NaOH and the amount of acetic acid due to the alkali-labile acetyl esters was quantified colorimetrically using an enzyme-coupled assay. In comparing the acetic acid levels in leaves, significant reductions, to 56 and 65% of the wild-type level, were observed for tbl10-1 and tbl10-2, respectively ( Figure 3a) . In contrast, when the acetic acid contents were compared in the stems, no obvious difference was observed between the genotypes (Figure 3b ). Because the leaves of the tbl10 mutants showed a large change in the content of alkali-labile acetyl esters, monosaccharide compositions of the cell wall polysaccharides were determined in de-starched AIR derived from leaves. With an exception of minor changes observed for the tbl10-2, no significant difference was observed between the wild type and the tbl10 mutants as shown in Table 1 .
Next, de-starched AIR obtained from leaves and stems of the wild type and the tbl10 mutants were fractionated into pectin-enriched and pectin-depleted fractions after a treatment with pectin methyl esterase (PME) and endopolygalacturonase (ePG) followed by centrifugation. The supernatants and the pellets represented the pectinenriched and the pectin-depleted fractions, respectively. The monosaccharide compositions of the respective fractions from the wild type and the tbl10 mutants were indistinguishable ( Figure S3 ). As expected with the enzymatic treatment employed, the pectin-enriched fractions had a composition consistent with them being almost exclusively composed of pectin, while the pectin-depleted fractions contained significant amounts of GalA, indicating that the enzyme treatment did not completely solubilize pectin (Figure S3) . When the levels of alkali-labile acetyl esters were compared for pectin-enriched fractions derived from leaves, the tbl10 mutants showed a significant reduction compared to the wild type. On the other hand, pectindepleted fractions showed a trend toward reductions, although this was not statistically significant ( Figure 4a ). Given that the pectin-depleted fractions still contained pectin, the observed trend likely reflects reduced acetylation in the remaining pectin. The same analysis was performed using fractionated de-starched AIR derived from stems ( Figure 4b ). The small amount of pectin in the stem samples contributed little to the total amount of acetyl esters, and although the pattern resembled that of pectin-enriched samples from leaves, the differences were not significant. The pectin-depleted samples from the stems had a large amount of acetyl esters, as expected in samples with a high content of acetylated xylan, but no significant difference was observed ( Figure 4b ). When the amounts of alkali-labile acetyl esters in leaves were normalized by the amount of GalA, marked reductions (~50%) in the levels of acetyl ester were found in the pectin-enriched fractions derived from tbl10 mutants compared to the wild type (Figure 4c ). Again, there was a trend towards reduction in the pectin-depleted fractions from the mutants. Taken together, these results indicate that the knockout mutations in TBL10 impairs acetylation of pectins.
In order to probe which pectin polymers were affected by the tbl10 mutation, RG-I and HG from the wild type and tbl10-1 were isolated after a treatment of the AIR with PME and ePG as previously described (Stonebloom et al., 2016) and the fractions corresponding to RG-I and HG were Figure 3 . Acetyl ester contents in cell walls isolated from the wild type, tbl10-1 and tbl10-2 mutants of Arabidopsis. Destarched AIR derived from leaves (a) and stems (b) were analyzed. Ten milligrams of destarched AIR was saponified with NaOH and the acetic acid content was determined. Three independent biological samples were analyzed for each genotype. Error bars indicate standard deviations. Asterisks (*) indicate significant difference from the wild type as determined by Student's t-test (P < 0.05). analyzed for alkali-labile acetyl ester content. In the isolated RG-I, the molar ratio between acetyl ester and GalA was markedly reduced in tbl10-1 compared to the wild type (Figure 5a) . In contrast, the molar ratio between acetyl groups and GalA was indistinguishable between the wild type and the mutant in the HG fractions ( Figure 5b ). These results indicate that TBL10 is required for the O-acetylation of RG-I.
Acetylation of hemicelluloses are not affected in the tbl10 mutants
The pectin-depleted fractions from leaves showed a trend towards lower levels of acetyl esters in the mutants. While this could be explained by residual pectin in the fractions, we wanted to directly assess if any hemiceulloses were . Acetyl ester contents in pectin-enriched and pectin-depleted fractions obtained from the Arabidopsis wild-type and tbl10 mutant cell walls. Destarched AIR from leaves (a) and stems (b) was treated with ePG and PME and separated into the pectin-enriched and pectin-depleted fractions. Each fraction was saponified and the acetic acid contents were determined. (c) Normalized acetic acid contents by the GalA contents in leaves. The acetic acid contents in the pectin-enriched and pectin-depleted fractions obtained from the leaf material were normalized by the GalA content in the same fractions.
Error bars indicate standard deviations of three to five independent biological replicates. Asterisks (*) indicate significant differences from the wild type as determined by Student 0 s t-test (P < 0.05).
altered in their acetylation as well. This possibility was first tested by analyzing the structure of XyG, the most abundant hemicellulose in leaves, by comparing the oligosaccharide profiles after enzymatic digestion followed by a matrix-assisted-laser desorption-ionization-time-of-fight mass spectrometry (MALDI-TOF MS) ( Figure 6 ). In most eudicots, the glucan backbone of XyG can be substituted with Xyl, Gal-Xyl, and Fuc-Gal-Xyl (where Fuc is fucose) side chains corresponding to notations of X, L and F, respectively (Fry et al., 1993) . The wild type and the tbl10 mutants showed the same distribution patterns of the acetylated and non-acetylated XyG motifs (Figure 6a) . Moreover, the relative abundance of acetylated XyG motifs were also unaltered ( Figure 6b ). These results indicate that TBL10 does not affect XyG O-acetylation ( Figure 6 ).
Mannans and xylans are dominant hemicelluloses in stems. Because the TBL10 promoter activity in stems was notably low and also no significant impact in the level of acetylation was observed in the stem of tbl10 mutants, we speculated that TBL10 is not involved in O-acetylation of these hemicelluloses. Heteronuclear single quantum coherence experiments (HSQC) of two dimensional nuclear magnetic resonance spectrometry (2D-NMR), as previously described (Gille et al., 2011; Cheng et al., 2013) , revealed that the abundances of acetylated mannan and xylan are largely unaffected in the tbl10 mutant as compared to the wild type ( Figure S5 , Method S1). Consistent with these results, no difference in the morphological appearance of the tissues including xylem and lignin staining was observed in the stem sections of the wild type and the tbl10 mutants ( Figure S6, Method S2) .
The tbl10 mutants exhibit the wild-type-level of susceptibility towards biotic stress Previously, ectopic overexpression of an RG-I acetylesterase (RGAE) from Aspergillus nidulans in Arabidopsis has led to increased resistance against the necrotrophic fungal pathogen B. cinerea (Pogorelko et al., 2013) . Therefore, we tested if reduced acetylation of RG-I in tbl10 mutants might affect susceptibility to B. cinerea. Upon infection by B. cinerea, tbl10-1 and tbl10-2 showed lesion sizes that were similar to those in the wild type, while rwa2-3, used here as a control, showed markedly reduced lesion sizes as previously shown (Manabe et al., 2011; Nafisi et al., 2015) ( Figure 7a ). Likewise, no difference between the tbl10 mutants and the wild type was seen when infected with Pseudomonas syringae pv. Tomato DC3000 (Figure 7b ). Hence, unlike RWA2, TBL10 does not seem to have any impact for biotic stress response under the conditions tested.
Next, the integrity of trichomes in leaves was inspected. Trichomes of the tbr mutant contain reduced amount of crystalline cellulose, lack birefringence upon UV illumination, and are fragile or collapsed (Potikha and Delmer, 1995; Bischoff et al., 2010; Suo et al., 2013) . Similarly to the tbr mutant, we have previously reported that rwa2 mutants also contain collapsed trichomes, albeit without notable impact on trichome birefringence (Nafisi et al., 2015) . The staining of leaves with toluidine blue was employed as a diagnostic tool to detect compromised trichomes because this cationic dye can penetrate through the cuticle layer of collapsed trichomes but not of intact trichomes (Tanaka et al., 2004; Nafisi et al., 2015) . The trichomes of the tbl10 mutants appeared normal and did not stain with toluidine blue (Figure 7c,d) , whereas those of the rwa2-3 mutant exhibited collapsed and stained trichomes by toluidine blue (Figure 7c,d) . Lastly, water loss of detached leaves was analyzed as collapsed trichomes can increase the surface transpiration as previously observed for rwa2-3 (Nafisi et al., 2015) . The rate of weight loss was indistinguishable between the wild type and the tbl10 mutants, while rwa2-3 exhibited an enhanced rate of Figure 5 . Degree of acetylation in the RG-I and HG isolated from the wild type and tbl10-1 mutant of Arabidopsis. (a) Isolated RG-I. (b) Isolated HG. RG-I and HG were isolated after treatment with ePG and PME followed by size exclusion chromatography. The acetic acid contents were normalized by the GalA content in the same fractions. Error bars indicate standard deviations of four independent biological replicates. Asterisks (***) indicate significant difference from the wild type as determined by Student 0 s t-test (P < 0.001).
water loss under the same conditions (Figure 7e ). Hence, unlike rwa2 and tbr mutants, the tbl10 mutants possess normal trichomes.
The tbl10 mutants exhibited enhanced drought resistance Some pectin mutants have been shown to be compromised in their abiotic stress tolerance although none of the studies have specifically addressed pectin acetylation (Chen et al., 2005; Keppler and Showalter, 2010; Levesque-Tremblay et al., 2015) . Therefore, it was of interest to investigate the drought response of the tbl10 mutants. When the plants were exposed to severe drought stress (no watering for 15 days), we observed a significant increase of survival in both tbl10 mutants compared to wild type (Figure 8 ). After 2 days of rewatering, only 33% of wild-type plants recovered whereas 62 and 80% of tbl10-1 and tbl10-2 plants recovered, respectively.
DISCUSSION
In the present study, we have isolated two independent homozygous mutant lines of Arabidopsis (tbl10-1 and tbl10-2) (Figure 1 ). The TBL10 transcript was abundant in leaves and scarce in stems (Figure 1c ), which corresponded with the promoter activity of TBL10 in planta (Figure 2) . The tbl10 mutants were shown to possess significantly lower levels of alkali-labile acetyl esters as compared to the wild type in AIR derived from leaves, while no significant difference was detectable in stems ( Figure 3) . Analysis of pectin-enriched and pectin-depleted fractions showed that the level of acetylation was reduced in the leaves but not in stems (Figure 4 ). Further analysis showed significant reduction in the degree of acetylation in the isolated RG-I but not in the isolated HG following enzymatic hydrolysis ( Figure 5 ). Analysis of XyG by MALDI-TOF-MS and of mannan and xylan by HSQC 2D-NMR experiments showed no significant difference between the tbl10 mutants and the wild type ( Figure 6,S4 ). Taken together, these results indicate that TBL10 is required for O-acetylation of RG-I. Generally, based on available evidence so far, the large family of TBL proteins have relatively narrow substrate specificities, unlike for example the much smaller family of RWA proteins, which clearly overlap in which polysaccharides they affect. Nevertheless, we cannot exclude that TBL10 may have some activity in acetylation of other polysaccharides; but, if it does, any such activity would be redundant with other acetyltransferases. Indeed, other TBL proteins involved in acetylation of XyG, xylan and mannan have already been reported (Gille et al., 2011; Lee et al., 2011; Yuan et al., 2013 Yuan et al., , 2016a Urbanowicz et al., 2014; Gao et al., 2017) . The isolated HG from the tbl10 mutants showed no change in acetylation, suggesting that HG is predominantly or exclusively acetylated by other as yet unidentified enzymes.
TBL10 is the first member of the TBL family proteins that is shown to be involved in O-acetylation of RG-I. Prior to this study, nine TBLs had been functionally assigned to Oacetylation of hemicelluloses and all of them belong to Clusters IV and V in the TBL phylogenetic tree ( Figure S1 ). TBL10 belongs to Cluster I, to which TBR also belongs. It was recently shown that tbr mutants have a reduced level of O-acetylation in pectins, although the exact class of pectins affected by tbr remains unkown (Sinclair et al., 2017) . Nevertheless, we propose that TBL family proteins belonging to Cluster I, and possibly Cluster II, are involved in Oacetylation of pectins. It is plausible that TBL10 functions as an acetyltransferase transferring an acetyl group to the RG-I backbone, given the other TBL family proteins, notably TBL29, have been shown to be acetyltransferases. It is also possible that TBL10 has other molecular functions during O-acetylation of RG-I. For instance, it has recently been proposed that AXY9, which possess limited sequence homology with TBL family proteins, is involved in acetylation of xylan and acts to produce an acetylated intermediate that is part of the O-acetylation pathway (Schultink et al., 2015) .
While TBR might also play roles in O-acetylation of pectins, there are notable differences between TBR and TBL10 with respect to their potential biological functions in planta. Firstly, tissue-wide expression patterns of the TBR and TBL10 transcripts are markedly different. The promoter activity of TBR was prominent in vasculature and trichomes (Bischoff et al., 2010) , whereas that of TBL10 was observed both in vascular and non-vascular leaf tissues but not in trichomes (Figure 2,S2) . Moreover, TBR was found to be co-expressed with genes encoding components in cellulose synthesis (CESA3, CESA5, CESA6, POM/ CTL1, COBRA) (Bischoff et al., 2010) , whereas TBL10 does not appear to have a notable correlation with genes involved in cellulose synthesis based on ATTED-II (Obayashi et al., 2011) . Secondly, the tbr mutant exhibited fragile and collapsed trichomes (Potikha and Delmer, 1995; Bischoff et al., 2010; Suo et al., 2013) , whereas the tbl10 mutants have morphologically normal trichomes (Figure 7) . We have previously proposed that decreased Oacetylation of pectins causes collapsed trichomes (Nafisi et al., 2015) . These observations suggest that TBR and TBL10 are differently involved in O-acetylation, possibly targeting different pectic classes (e.g. HG or RG-I) in different tissues, thereby impacting the plant physiology differently.
Previously, in-muro overexpression of a pectin acetylesterase (PAE1), presumably targeting O-acetylation of HG, in tobacco (Nicotiana tobaccum) led to wrinkled leaves (Gou et al., 2012) . Another study has shown that in-muro overexpression of an RGAE from A. nidulans in Arabidopsis increased the resistance of the transgenic plants towards B. cinerea (Pogorelko et al., 2013) . Notably, the tbl10 mutants appeared normal and no sign of wrinkling was observed (Figures 2 and 7) . Furthermore, the tbl10 mutants exhibited the wild-type level of susceptibility to this fungal pathogen (Figure 7) . How could the different deacetylation mutants lead to different phenotypic outcomes? It should be noted that proteins annotated as RGAE can exhibit mixed substrate preferences. For instance a RGAE from Aspergillus aculeatus specifically removes acetyl groups bound to GalA residues in RG-I (Searle-van Leeuwen et al., 1992) , whereas another RGAE, also from A. aculeatus, can deacetylate both HG and RG-I (Bonnin et al., 2008) . This ambiguity is further highlighted in a recent study, wherein a previously annotated RGAE in Bacillus licheniformis was found to confer acetylesterase activity specific to the acetyl group attached to the O-3 position in GalA of HG (Remoroza et al., 2014) . Moreover, the RGAE transgenic plants also contained reduced amounts of O-acetylation in XyG (Pogorelko et al., 2013) , making assignments of specific O-acetylated polysaccharides to defined biological functions challenging. Nevertheless, given that the tbl10 mutants defective in RG-I Oacetylation did not exhibit collapsed trichomes or altered disease susceptibility to B. cinerea, neither did the tbl27/ axy4-3 mutant (Nafisi et al., 2015) , the possibility that deacetylation of RG-I or XyG being responsible for these phenotypes is unlikely. We hypothesize that deacetylation of HG is more likely to be the underlining cause of collapsed trichomes and increased disease resistance against B. cinerea.
The increased survival in response to severe drought in the tbl10 mutants is an interesting observation although we cannot presently provide an explanation for this phenotype. Some cell wall mutants may show activation of drought defense responses in the absence of exogenous stress, for example this has been described for the eskimo1 mutant deficient in TBL29 (Lefebvre et al., 2011) . However, this appears not to be the case with the tbl10 mutants, which do not show any changes in growth and development or difference in water loss prior to the exogenous stress (Figure 7e) . Interestingly, the TBL10 promoter was active in vascular tissues and stomata (Figure 2) , which Figure 8 . Drought response of wild type and the tbl10 mutants. Forty-five plants of each genotype were grown for 3 weeks and then subjected to severe drought by withholding water for 14 days. Subsequently, the plants were re-watered and the number of green, surviving plants was determined after 2 days. The experiment was repeated twice with similar results. The data was analyzed with Chi-square test and both tbl10-1 and tbl10-2 showed better survival than wild type (P < 0.01 and P < 0.001, respectively). [Colour figure can be viewed at wileyonlinelibrary.com].
Pathogen infection assays
Detached leaves of 3 to 4-week old plants were inoculated with Botrytis cinerea strain IK2018 spore solution (5 9 10 5 spores ml À1 in half strength potato dextrose broth) as previously described (Nafisi et al., 2015) . To quantify lesion sizes, high quality digital images were acquired and processed with ImageJ (https://imagej. nih.gov/ij/). Treatments with Pseudomonas syringae DC3000 were performed as previously described (Rautengarten et al., 2012) . Briefly, leaves were infiltrated with diluted suspensions of P. syringae DC3000 (10 6 cells ml À1 ) in 10 mM MgCl 2 . Four leaves were harvested from each genotype at each time point and the surface was sterilized in 70% (v/v) ethanol. The bacterial growth inside the leaves was enumerated by direct counting of the bacterial colonies in nutrient yeast glycerol medium containing 25 mg ml À1 rifampicin.
Drought stress assay
Seeds were surface sterilized and sown on solid medium containing 0.59 Murashige and Skoog salts including vitamins (1/2 MS medium) (Sigma-Aldrich, Søborg, Denmark) and 2% (w/v) sucrose. Following stratification (48 h, 4°C, in the dark), plates were transferred to a growth room (22°C, 100-200 lmol m À2 sec À1 , 14-h day and 10-h night). One-week-old seedlings were transferred to soil for 2 weeks under the same growth conditions and then subjected to progressive drought by withholding water for 14 days. The plants were re-watered and the number of surviving, green plants was counted after 2 days.
RNA extraction and RT-PCR
Plant materials frozen in liquid nitrogen were ground with a pestle and mRNA extracted using the RNeasy Plant Mini Kit (Qiagen, Vedbaek, Denmark) with on-column DNase treatment according to the manufacturer's instruction. The integrity of the RNA was confirmed by gel electrophoresis. Before cDNA synthesis, mRNA concentrations were quantified by NanoDrop (ThermoFisher Scientific, Roskilde, Denmark) and normalized to the equal amounts. cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad, Copenhagen, Denmark) according to the manufacturer's protocol. Presence of the TBL10 transcript in the wild type, tbl10-1, and tbl10-2 was analyzed by using intron-spanning primers listed in Table S1 , while ACTIN2 (ACT2, AT3G18780) was used as a reference gene.
Expression analysis of the TBL10 promoter using a GUS reporter An 1800 kb 5 0 upstream sequence of the TBL10 gene not including the start codon was amplified by PCR using USER compatible primers (Nour-Eldin et al., 2010) listed in Table S1 . The promoter sequence was inserted in the pLIFE41vector, containing the BAR gene conferring resistance to BASTA (Bayer CropScience, Copenhagen, Denmark) within the T-DNA cassette. The resulting vector was introduced to Agrobacterium tumefaciens via electroporation. Arabidopsis wild-type plants were transformed by floral dipping and selection after two consecutive spraying with BASTA following the manufacturer 0 s instruction. The presence of the TBL10-promotor::GUS construct was verified by PCR with the primers listed in Table S1 . Leaves, stems and roots from 6-week-old transgenic plants were examined for GUS activity after incubating for overnight (16 h) at 25°C in a GUS staining solution consisting of 50 mM sodium phosphate buffer, pH 7.0, 10 mM ethylenediaminetetraacetic acid, 0.1% (v/v) Triton X-100, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, and 1 mg ml À1 5bromo-4-chloro-3-indolyl-b-D-glucuronide. Under these conditions, the staining was not saturating. For saturating staining, incubation at 37°C was performed. Chlorophylls were extracted with 96% (v/v) ethanol. Initial screening for GUS expression was performed using 22 independent transgenic plants, and subsequently 5 independent T2 plants were analyzed in detail.
AIR preparation
AIR was prepared following previously described procedures with some modifications (Fry, 1988; Harholt et al., 2006) . Leaf and stem materials were harvested in liquid nitrogen, ground to a fine powder in a mixer mill (Retsch, Haan, Germany) and suspended in ice-cold 96% (v/v) ethanol. The samples were placed on glass microfiber filters (GE Healthcare Europe GmbH, Brondby, Denmark) and washed several times in 96% (v/v) ethanol until free of chlorophyll and finally washed in 100% (v/v) acetone and left to dry over night at room temperature. To remove starch, dried AIR was ground again in the Retch mixer mill and suspended in a preheated (at~90°C) destarching buffer consisting of 10 mM potassium phosphate buffer, pH 6.5, 1 mM CaCl 2 and 0.05% (w/v) sodium azide. One hundred milligrams of AIR were resuspended in 25 mL of the destarching buffer and were allowed to gelatinize for 30 sec before addition of 1 U ml À1 thermostable a-amylase (Megazyme, Wicklow, Ireland) followed by incubation at 85°C for 15 min. The samples were cooled to room temperature and 1 U ml À1 each of amyloglucosidase and pullulanase (Megazyme) was added. The mixtures were incubated for 16 h at room temperature with gentle shaking. Destarched AIR was collected by centrifugation at 21 0009 g for 10 min and pellets were washed with destarching buffer on glass microfiber filters (GE Healthcare Europe GmbH), rinsed in water, and dried overnight. 50 mM cyclohexane diamine tetraacetic acid, 50 mM ammonium formate, and 0.05% (w/v) sodium azide. Six U ml À1 of ePG from Aspergillus aculeatus (Megazyme) and 4 U ml À1 of PME (Novozymes, Bagsvaerd, Denmark) were added to the solution followed by a 24-h incubation with gentle shaking. After incubation, the enzymes were inactivated at 95°C for 10 min, and the reactions were allowed to cool to room temperature before centrifugation at 21 0009 g for 10 min at room temperature. The supernatants containing the released pectins were transferred to new tubes. The remaining pellets containing hemicelluloses and residual pectin were washed twice with the digestion buffer and resuspended in 1 ml digestion buffer. Acetic acid content from these fractions was determined colorimetrically using an enzyme-coupled assay or by reverse-phase high-pressure liquid chromatography (HPLC) as detailed below. HG and RG-I were isolated from destarched AIR treated with ePG and PME, as described above. Following enzymatic treatment, hydrolysates were filtered through nylon membranes with a pore size of 0.45 lm (VWR International, Søborg, Denmark) and concentrated by Amicon Ultra spin filters with a molecular-weight-cut-off of 10 kDa (Sigma-Aldrich). The flowthroughs, consisting of HG-derived small molecular weight products, were recovered as the HG fraction, while the concentrated materials in the spin filters were subjected to size exclusion chromatography (Superdex 200 10/300 GL column) using 50 mM ammonium formate (pH 5.0) as eluent as previously described (Stonebloom et al., 2016) . The refraction index was used to monitor carbohydrates in eluents as described previously. The HG and RG-I fractions were analyzed for sugar composition of non-cellulosic polysaccharides and acetic acid content as described below. At least three independent biological replicates were analyzed for each genotype. Values are expressed as relative percentage and are the means AE standard deviations (SD).
Quantification of acetic acid
To release acetic acid from a sample, 100 ll of the sample were incubated with 100 ll of 1 M NaOH for 1 h followed by neutralization by the addition of 100 ll of 1 M HCl. The amount of released acetic acid was determined using spectrophotometric procedures using a standard curve of acetic acid to calculate concentrations using an enzyme-coupled assay (Megazyme). Alternatively, the acetic acid content was measured by using reverse-phase HPLC. The samples were passed through 0.22 lm Hydrophilic, Low Protein Binding Durapore Membrane (Merck Millipore, Hellerup, Denmark) and the filtrates were injected into a Shimadzu chromatographer LC-20AD equipped with a SIL-20AC HT autosampler, UV detector SPD-M20A, and a reverse phase column (00G-4375-E0, Phenomenex, Vaerløse, Denmark). Samples were eluted at a flow rate of 0.7 ml min À1 in 20 mM potassium phosphate buffer, adjusted to pH 2.9 with 85% (v/v) phosphoric acid. The eluents were detected at 220 nm with a diode array detector. Three independent biological replicates were analyzed for each genotype. Values are expressed as relative percentage and are the means AE SD.
Monosaccharide composition analysis
Destarched AIR (10 mg) or purified HG and RG-I fractions were incubated in 1 ml of 2 M TFA for 1 h at 120°C. The samples were allowed to cool to room temperature and TFA was evaporated under vacuum and resuspended in 1 ml of distilled water. The samples were filtered as described above, and analyzed by high-performance anion exchange chromatography with pulsed amperiometric detection (HPAEC-PAD), using a PA20 column (ThermoFisher Scientific). The program settings were as previously described (Øbro et al., 2004) . Three independent biological replicates were analyzed for each genotype. Values are expressed as relative percentage and are the means AE SD.
MALDI-TOF analysis
XyG oligosaccharides were obtained as previously reported with slight modifications (Dardelle et al., 2010) . Briefly, the pectindepleted fractions (5 mg) were incubated overnight at 37°C under agitation at 180 rpm in 500 ll of endo-(1-4)-b-D-glucanase (10 U, EC 3.2.1.4; Megazyme) prepared in 10 mM sodium acetate buffer, pH 5. After the addition of 2 ml of 96% (v/v) ethanol, samples were precipitated overnight at À20°C and centrifuged for 10 min at 10 0009 g. Supernatants were evaporated under a flow of air to concentrate the XyG oligomers. XyG from tamarind seeds (Megazyme) was treated similarly and used as a control.
A voyager DE-Pro matrix-assisted laser desorption ionizationtime of flight (MALDI-TOF) mass spectrometer (Applied Biosystems, Foster City, CA, USA) equipped with a 337-nm nitrogen laser was used to analyze XyG fragments. Mass spectra were collected in the reflector delayed extraction mode using 2,5-dihydroxybenzoic acid (Sigma-Aldrich) as matrix. The matrix, freshly dissolved at 5 mg ml À1 in a solution composed of 70:30 acetonitrile/0.1% (v/v) TFA, was mixed with the water-solubilized oligosaccharides in a ratio 1:1 (v/v). The spectra were recorded in a positive mode, using an acceleration voltage of 20 000 V with a delay time of 100 ns and above 50% of the laser energy. They were externally calibrated using commercially available mixtures of peptides and proteins (ProteoMassTM MALDI Calibration Kit, Sigma-Aldrich). Laser shots were accumulated for each spectrum to obtain an acceptable signal to noise ratio (sum of three spectra of 1000 shots per spectrum). Four independent biological replicates were analyzed for each genotype. Values are expressed as relative percentage and are the means AE SD. Figure S3 . Monosaccharide composition of pectin-enriched and pectin-depleted fractions derived from leaves of the wild type and tbl10 mutants of Arabidopsis. Figure S4 . Monosaccharide compositions of RG-I and HG fractions isolated from leaves of Arabidopsis wild type and tbl10-1 mutant. Figure S5 . Comparison of expanded HSQC 2D-NMR spectra of wild-type and tbl10-2 mutant of Arabidopsis leaf cell-walls solubilized in DMSO/[Emim]Ac. Figure S6 . Morphological analysis of stem sections of the wild type and the tbl10 mutants of Arabidopsis .  Table S1 . List of primers.
Methods S1. NMR analyses for cell-wall components. Methods S2. Stem sectioning, staining and microscopy.
